A surgical biopsy technique suitable for repeated sampling of bovine mammary secretory tissue is described. Samples from four cows obtained at 28-day intervals from calving were analysed for DNA content and for the activities of five enzymes selected as representing general metabolism and the synthesis of fat and carbohydrate.
I. INTRODUCTION
The marked biochemical changes associated with lactogenesis and galactopoiesis have been studied in the mammary glands of laboratory animals (Baldwin 1966; Baldwin and Milligan 1966; Hartmann and Jones 1970) but almost no comparable data are available from cattle.
In contrast to the marked enzymic changes observed in the laboratory animals, Baldwin (1966) found little change in the activities of enzymes involved in milk synthesis in the mammary glands of cattle around the time of parturition. However, nothing is known of changes in enzyme activities in the bovine mammary gland beyond the early post-partum period.
This paper presents observations on biochemical parameters in the mammary glands of four cattle throughout lactation. To facilitate repeated tissue sampling of individual cows, a new biopsy technique is described which offers certain advantages over methods previously available.
II. EXPERIMENTAL (a) Animals
Four multiparous Jersey cows were used. The animals grazed within a herd at pasture without additional feed supplementation. Samples of mammary tissue were obtained 3 hr after morning milking at 28-day intervals following calving. Milk production was measured every 2 weeks throughout lactation (Fig. 1) .
(b) Surgical Method
Cows were lightly restrained and tranquilized with Acetylpromazine (Boots) administered intramuscularly. All operations were performed on forequarters in a region dorsal to the gland cistern, care being taken to avoid the dorsorostral periphery of the gland as the large anterior ventral mammary vein (Swett and Matthews 1949) traverses this region. The site was prepared aseptically and local anaesthesia induced with subcutaneous injections of 2% lignocaine (Astra).
A 4· to 5·cm vertical skin incision was made and the fascia (lateral suspensory ligament) exposed by blunt dissection. Large subcutaneous vessels were easily avoided and small bleeders were ignored. A gut purse-string suture was used to anchor the periphery of a retracted area (1· 5 cm diameter) of the superficial layer of the fascia to the deep layer. Care was taken to avoid suturing the immediate subcutaneous connective tissue, as this procedure interfered with closure of the skin incision. A small cut was made in the deep layer of the fascia, within the area defined by the purse-string, to expose the secretory parenchyma. A tungsten-chromium steel cannula (0·8 cm into diam.; 1·0 cm outer diam.) was advanced 5-6 cm into the parenchymal mass, by a twisting action with gentle pressure. Upward traction on the cannula followed by its withdrawal resulted in a tissue core being removed within the instrument. • Cow No. 19.
The usual mild bleeding at this stage was controlled by packing the clearly defined wound tract with an absorbable haemostat (Surgicell, Johnson and Johnson) and tying off the pursestring suture. The wound was lightly sprayed with antibiotics (Riker), the skin incision closed with Michel clips, and liberally dusted with aureomycin powder (Cyanamid).
(c) Post· operative Gare
A single intramuscular injection of 5 million i.u. of penicillin (Triplopen, Glaxo) was given following surgery and any infection detected in an operated quarter was treated routinely with penicillin preparations for intramammary application.
(d) Tissue Preparation
Tissue cores were lightly blotted and held in glass on ice for no longer than 2 hr before homogenization. The tissue was weighed, minced with scissors, and homogenized with a knife homogenizer (M.S.E.) for 6 min at full speed in ice-cold medium comprising 0·15M KCI, 0·05M KCI, 0·05M NaHCOa and 0·006M Na2H2 EDTA (Shonk and Boxer 1964) . The homogenate was filtered through muslin and made up to 10 ml with rinsings of medium. A 2-ml aliquot was removed for DNA determination and the remainder centrifuged for 20 min at 4°C and 3000 g. Fat was removed and the cell-free supernatant transferred to a clean glass tube and held on ice.
(e) DNA Measurement
Diphenylamine-reactive pentoses (Burton 1956) were measured in perchloric acid extracts of the homogenate (Munford 1963) . Solutions of calf thymus DNA (Koch-Light) in perchloric acid were used to establish calibration curves with the aid of least-squares regressions. Optical densities of unknown solutions were adjusted, using individual calibration regressions determined with each set of analyses, to a common calibration line to minimize between assay variation. Assays were performed using methods devised generally for recording spectrophotometers but modified so that the accumulation of reaction products from fixed-interval incubations at 37°C provided valid estimates of comparative activities. This was established in preliminary work using varying levels of bovine mammary supernatants incubated for varying lengths of time. All assays were linear over at least twice the range of activities encountered during the experiment. Enzyme activities are expressed in arbitary units based on optical density changes and DNA contents of the homogenates (1 unit = 0·001 x change in optical density per minute per milligram DNA).
The original methods upon which the modified assays were based were: acetyl-CoA synthetase (Jones and Lipmann 1955); UDPglucose epimerase (Maxwell, Kurahashi, and Klackar 1962) ; glycerol-3-phosphate dehydrogenase (Baldwin and Milligan 1966) ; hexokinase (Bortz, Abraham, and Chaikoft' 1963) ; glucose-6-phosphate dehydrogenase (Glock and McLean 1953) . Further details of the modifications and tests of validity of the assays are available elsewhere (Currie 1969) .
Changes in enzyme activities were examined with analyses of variance by the least-squares method of fitting constants (Harvey 1960) . Variations arising from differences between cows and stages of lactation were examined individually with one-way analyses. Since the number of samplings prevented direct testing of non-additivity of these two sources of variation, F ratios obtained from one-way analyses were compared with those from two-way analyses to examine interactions indirectly. Comparisons between pairs of means were performed using a slight modification of Duncan's (1955) multiple range test; since the number of observations contributing to each mean varied, standard errors of individual means were computed and the arithmetic mean of the two standard errors used for each comparison.
III. RESULTS

(a) Surgical Biopsies
Cows 19 and 118 were each sampled nine times and cows 5 and 26 each six times. Of the 30 operations, only one was unsuccessful in yielding a tissue sample. In this case a small fibrous mass, probably scar tissue from a previous operation, obscured the parenchyma under the incision, and attempts to avoid it resulted in a substantial haemorrhage. In all but the unsuccessful operation, blood clots were present in foremilk for one to three milkings after surgery. In the exceptional case, blood residues were present in seven milkings following surgery. There was a single case of mastitis in an operated quarter which responded to 2 days of local treatment.
During the time when antibiotics were expected to be present in milk, individual quarters were milked into separate bottles. A noticeable but transient depression in the yields of operated quarters was observed following each biopsy. However, total udder production measured before and after one set of four operations (Fig. 2) indicated a slight loss of total yield 2-3 days after surgery but full recovery of preoperation yields by 5 or 6 days. 
(b) DNA Ooncentrations
The concentration of DNA per unit wet weight of tissue fell over the first quarter of lactation in cows 19, 26, and ll8 (Fig. 3) . Changes during the remainder of lactation were erratic although for all cows except 19 concentrations gradually increased.
(c) Enzyme Activities
Changes in the activities of the five enzymes, expressed on a DNA basis, are illustrated in Figure 4 . Analyses of variance indicated significant differences between cows in the activities of UDPglucose epimerase (P < 0·05), glycerol-3-phosphate dehydrogenase (P < 0·05) and glucose-6-phosphate dehydrogenase (P < 0·05), but no significant variation in the activities of acetyl-CoA synthetase (0·25 > P > 0·10) or hexokinase (P > 0·25) ( Table 1) . Comparisons between pairs of means for the enzymes with significant variation are also given in Table 1 . The activities of the enzymes in cows 19 and ll8 were generally greater than those in cows 5 and 26 although, as indicated, the significance of these differences was not consistent.
When analysed after accounting for variation between cows by means of twoway analyses of variance (Table 1) , the only enzyme having activities which varied significantly between stages of lactation was hexokinase (P < 0·05). As suggested by Figures 4(a)-4(c) , the activities in the samples obtained at 10-14 weeks postpartum were significantly (P < 0·05) greater than at any other stage of lactation.
Single biopsy samples taken at each stage of lactation prevented direct examination of the possible cow X stage of lactation interaction [Figs. 4(a)-4(c) ] but the two-way analyses indicated essentially the same variance ratios as in the one-way analyses for cow variation, suggesting that non-additivity was unlikely to be important (Table 1) . Differences between cows were more marked than differences between stages of lactation whether considered alone or together.
Considering all of the biochemical data together (Figs. 3 and 4) it was obvious that the activities of the three enzymes differing significantly between cows were due largely to higher values for cow 118, particularly at the 10 weeks post-partum sampling. The common factor, DNA content, was low in that particular sample but, since the activities of all enzymes were not consistently high, it was felt that there was no justification for discarding data from that sample. IV. DISCUSSION The surgical method employed in the present study appeared suitable for repeatedly obtaining small (0·5-1·0 g) samples of bovine mammary parenchyma for biochemical studies without seriously influencing milk production. This is supported by the lactation curves (Fig. 1) which were quite typical of other members of the herd. The previously published methods of Hibbit (1964) and Marx and Caruolo (1963) enabled much larger samples to be obtained, but the severe depression and delayed recovery of normal milk yields limits their use in studies where biochemical parameters are to be measured concurrently with reliable estimates of milk production (Currie 1972 ).
Measurement of the activities of five enzymes at various stages of lactation in a small group of cattle has shown significant variation associated with differences between cows and .stages Qf lactation. Differences between four cows in the activities of three of the enzymes studied indicate that, in enzymatic studies on the bovine mammary gland, replication of estimates should not be obtained from a group of animals unless animal differences can be accounted for as in analyses of variance. :j: Means within columns denoted by common letters differ significantly at P < 0·05.
Before the biological significance of these results is discussed, the problem of interpreting enzyme measurements made in vitro to the corresponding biochemical pathways in vivo needs emphasizing. The mammary gland comprises several different tissue types: secretory epithelium, collecting ducts, adipose, vascular, and connective elements; information is required solely on the first of these. All tissues contribute to the total enzyme "pool" according to the tissue composition and the enzyme complements of each type. Interpretation of changes in enzyme activities in biopsy samples of organs such as the mammary gland requires a priori assumptions regarding the distribution of the enzymes or of the tissue type in which the measured changes occur, or of both. Whilst there is no definitive information on these points except the unique occurrence of UDPgalactose-glucose galactosyltransferase in lactating mammary epithelium, it is likely that major changes in the five enzymes studied would have occurred in the same tissue (Baldwin and Milligan 1966; Kuhn 1967; Kuhn and Lowenstein 1967; Larson 1969) . Similar comments apply to the use of DNA measurements in the present study but again it is likely that the secretory epithelium will be the tissue undergoing major changes (Munford 1964; Traurig 1967) , at least in part under the control of pituitary and ovarian hormones.
The fall of DNA concentrations in early lactation probably reflected hypertrophy of secretory cells accompanying the post-partum development of the epi-thelium during this time. The changes which occurred over the -remainder of the experiment could have reflected decreased cell size with· advancing lactation, although errors as discussed by Hartmann and Jones (1970) could have arisen from variable amounts of retained milk in biopsy samples. Whilst no attempt was made to quantitate residual milk in tissue samples, it is unlikely ~hat the two-to fourfold changes in DNA concentrations could be attributed to this cause. Changes in cell dynamics; viz. mitotic rates, cell dimensions, and cell numbers, have not-been examined in the lactating mammary glands of ruminants despite a large research' effort with rodents (Munford 1964; Tucker 19(9) .
The enzyme activities presented in this paper are the first measurements to be made through complete lactations in cattle, although Baldwin (1966) has reported changes in DNA and activities of hexokinase, glucose-6-phosphate dehydrogenase, UDPglucose epimerase, and glycerol-3-phosphate dehydrogenase, inter alia, in the mammary glands of cattle prior to and shortly after their first' parturition. Usirig means obtained from 2-11 determinations (number of animals and samples from each not stated), he found no significant differences in activities over the first 35 days of lactation. The variation between cows identified in the present study indicates the inefficiency of bulking animals for replication, and this analytical criticism may be partly responsible for the lack of significance of .Baldwin's differences. However, results from the two studies agree in part since, after accOllllting for differenQes. between cows, there were no significant differences between the first and second stages of lactation at comparable sampling times to those used by Baldwin.
Long-term, non-significant changes in the activities of most enzymes did occur (Fig. 4 ) but they were quite unlike the gross changes seen during lactation in the rat (Baldwin and Milligan 1966) , guinea-pig (Baldwin 1966) , and rabbit (Hartmann and Jones 1970) . Of the five enzymes whose activities were measured, only those of hexokinase varied significantly (P < 0·05) with stage of lactation; the observed effect being due mainly to one cow (No. 118). The similarity of the changes in Figures 4(a)-4(c) suggests that the capacity of the mammary cell to metabolize glucose varied during lactation. It has been shown that net mammary glucose uptake and utilization, glucose turnover, and milk production are highly correlated (Kronfeld, Raggi, and Ramberg 1968) and lactose synthesis is considered to be a major determinant of milk yield in this species (see review by Rook 1961). Furthermore, Bergman and Hogue (1967) have shown that between-animal variation in the increment, of glucose turnover during lactation in ewes was linearly related to lactose production. It could be speculated that variations in glucose turnover, mammary utilization, and milk production occurring within a lactation are related causally to differences in enzyme activity similar to those described here.
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